Introduction
Gravity data have been collected using relative and absolute gravimeters at 321 stations in the San Pedro Basin in southeast Arizona for use in subsurface density modeling and monitoring of aquifer storage change over time. In the Benson Subwatershed part of the basin, data were collected at 272 stations for use in a subsurface density model. Six individual absolute-gravimeter stations, measured biannually, also have been established in this area for the purpose of monitoring aquifer-storage change, with the earliest starting in 2000. A 45-station network in the Sierra Vista Subwatershed part of the basin has been surveyed biannually, starting in 2005, for the purpose of monitoring aquifer-storage change. Redundant relative-gravimeter measurements tied to absolute-gravimeter measurements in this area provide well-constrained gravity-change data. GPS observations at or near most stations provide precise positioning and elevation control.
Gravity and Anomaly Values
Gravity data (appendix 1) are derived from three sources. First, relative-gravity observations at 272 sites ( fig. 1) were collected by the U.S. Geological Survey (USGS) in the Benson Subwatershed in  2005 and 2006 using LaCoste and Romberg D-209 and D-127 meters equipped with analog feedback and Aliod nulling systems, respectively. These systems allow for increased accuracy by nulling the beam by means of an electronic feedback mechanism, displaying the gravity value on an LCD display rather than requiring reading through the eye piece. Gravity measurements were made relative to an absolute-gravity excenter (BENSON CA) established by the National Geodetic Survey (NGS) at Kartchner Caverns State Park and a secondary base station established by USGS with an A10 absolute gravimeter near the intersection of Interstate 10 and State Highway 90. The purpose of this data collection was to develop a hydrogeologic framework for the Benson Subwatershed (Dickinson and others, 2010) . Observations were first corrected for earth-tide variation using the Berger tide model (Micro-g LaCoste, Inc., 2001), followed by correction for meter drift by repeatedly occupying a common base station and assuming a linear drift rate. One hundred forty of these stations were located using post-processed differential GPS, with an average ellipsoid height accuracy of 0.67 m. The remaining stations were positioned using autonomous GPS, with a nominal ellipsoid height accuracy of about 10 m. However, when autonomous GPS elevations are compared to elevations obtained from a 10 m digital elevation model (DEM) of the region, the mean absolute error is 2.54 m.
Relative-gravity observations collected for aquifer storage-change monitoring at 45 sites in the Upper San Pedro Basin, primarily using a LaCoste and Romberg relative gravimeter (D-209) , are the second source of gravity data (appendix 2). These observations are made relative to three of the absolute gravimeter stations (or their excenters) established by NGS (FT. HUACHUCA AA, TOMBSTONE AA, PALOMINAS AA) ( fig. 1) . A single gravity value for each station is determined from a least-squares network adjustment of the December 2009 survey. Vertical positions for most stations are determined with about ±2 cm accuracy from differential GPS surveys. Further details about gravity observations over time are presented in the next section.
Observations at 26 sites (appendix 3) made using Micro-g LaCoste, Inc., portable free-fall absolute gravimeters (numbers FG5-102 and A10-008; FG5-102 was originally manufactured by Axis Instruments, Inc.) are the third source of gravity data. These meters directly measure the acceleration of a test mass falling in a vacuum as tracked by laser interferometry. Corrections are applied for earth tides, ocean loading, polar motion, and barometric pressure. For the FG5, the gravity value at the instrument height (131 cm) is transferred to the land surface using a vertical gradient measured with LaCoste and Romberg D-17 and D-43 relative gravimeters equipped with analog feedback nulling systems. At A10 sites, the gravity value at the land surface is estimated by subtracting the instrument height (71.7 cm) multiplied by the free-air gradient (-3.086 µGal/cm), or -221 µGal, from the measured gravity value. Further details about absolute gravity observations are presented in the "Absolute Gravity Measurements" section.
Each FG5 site has an associated absolute excenter, an outdoor station which provides an accessible monument for GPS and relative-gravity surveys. Gravity values at excenters are determined by using the same LaCoste and Romberg relative gravimeters used in gradient measurements. The excenters were located using GPS (with NGS OPUS solutions) while the FG5 operated simultaneously indoors. These absolute gravimeter sites and excenters are FT. HUACHUCA AA (absolute), FT. HUACHUCA 1570 (also known as ASA1570, excenter and later A10 site), BENSON AA (absolute), BENSON CA (excenter), PALOMINAS AA (absolute), PALOMINAS DA (excenter), TOMBSTONE AA (absolute), TOMBSTONE CA (excenter), and TOMBSTONE DA (second excenter and later A10 site). As of fall 2011, ASA1570 has been destroyed and access at FT. HUACHUCA AA is restricted. Time-averaged gravity values for the other stations are reported on the site descriptions (appendix 4). Formulae used to derive gravity anomalies are consistent with established standards (Hinze and others, 2005 , equations 2, 5, 6, and 7). Theoretical gravity on the ellipsoid was determined by using the 1980 International Gravity Formula (IGF) in the Somigliana closed form, and the free-air correction was determined by using the Heiskanen and Moritz formula. The Bouguer correction, including the Bullard spherical cap correction, was performed assuming an earth radius of 6,371 km, a crustal density of 2,670 kg
• m -3 , and the Newtonian gravitational constant 6.673 x 10 -11 m 3 kg -1 s -2 . Ellipsoid height is used throughout. Outer terrain corrections were calculated to a distance of 167 km, and inner terrain corrections were calculated to 895 m, using 250 m and 10 m digital elevation models, respectively (Geosoft, 2010) . Corpscon software (U.S. Army Corps of Engineers, 2010) and GEOID03 were used to convert from ellipsoid height to NAVD88 elevation and from geographic coordinates to projected UTM NAD83 coordinates (appendix 1).
Gravity Differences over Time
Gravity change over time provides a direct measurement of aquifer storage change (Pool and Eychaner, 1995) . High-precision, relative-gravimeter measurements have been collected for this purpose in the Sierra Vista Subwatershed of the Upper San Pedro Basin. Raw measurements and tideand drift-corrected gravity differences from 2000 through 2010 are presented in appendix 2. To ensure a high level of precision, surveys done for aquifer storage-change monitoring are performed in two "loops" using the station order A-B-C-D-E-A-B-C-D-E-A. If instrument drift is not sufficiently linear, the loop may be repeated a third time. The maximum number of stations in a loop is 6, and the maximum distance between stations is about 3 km. Nearly all surveys have been done using the same station order within a loop and with the same gravimeter (D-209). Corrections for instrument drift and tidal effects are performed in the field during a survey using a portable computer running Microsoft Windows Mobile and Excel Mobile. The Mobile Excel file is converted to a standard excel file upon transfer to a PC and is archived in the Arizona Water Science Center gravity-data database.
In the field, average gravity values from the gravimeter analog feedback system are read at oneminute intervals and entered into the appropriate cell in the Excel Mobile worksheet. The analog feedback calibration generally is checked against the gravimeter screw calibration at least once per survey and adjusted as needed. Earth tide values for the appropriate day are preloaded in the Excel workbook, so that a tide-corrected gravity value is obtained instantly. After a station is occupied two or more times, a linear drift value is calculated, and gravity differences between each station pair are calculated by interpolating the drift rate between occupations ( fig. 2 ). Standard deviation is calculated from multiple observations of the gravity difference between two stations. The criterion for accepting a survey is a standard deviation of ±5 µGal or less between all station pairs. Gravity stations for aquifer-storage monitoring are located at geodetic survey marks established by the Arizona Department of Transportation, the U.S. Army Electronic Proving Ground, Cochise County, and the USGS. These latter stations typically are constructed by encasing rebar or sectional rods, driven to refusal, within 0.4-m-diameter concrete forms dug to 0.6 m depth.
GPS Heights
As indicated by repeat GPS surveys, land-surface-elevation change does not appear to be significant within the basin and no gravity correction for this effect is made. Static GPS surveys were carried out in fall 2002 and spring 2009 to evaluate ground movement as a result of subsidence or uplift at aquifer storage-change monitoring gravity stations. Continuously Operating Reference Stations (CORS) were used to determine point positions in the NAD83 (CORS96) The 2002 survey was done using Trimble 4800 receivers in September and October 2002. GPS receivers were stationed for the duration of the survey on adjustable-height tripods at two benchmarks in the subwatershed, TW7 (Test Well 7 on Fort Huachuca) and Cochise Base (a brass cap at the Cochise County Surveyor's Office) ( fig. 3) . A third receiver on a 2 m fixed-height tripod was used to occupy each of the gravity stations at approximately one hour intervals. During the survey, high winds caused the receiver setup at TW7 to be unstable, so it was relocated to TW7A. Cochise Base was destroyed when the mark AMARILLAS was constructed at nearly the same location in 2003.
The 2009 survey was done from March 18-20, 2009 . A combination of Trimble 4700, 4800, 5700, 5800, and R6 receivers were used. Receivers were stationed on adjustable-height tripods and tribrachs for the duration of the survey at TW7A, AMARILLAS (about 200 m southeast of AZCO), and ASA1570 ( fig. 3 ). Three to four additional receivers, using 2 m fixed-height tripods, were rotated between 14 gravity stations during the survey. The survey was designed to provide maximum precision at a smaller number of stations rather than lesser precision at a greater number of stations. Trimble Business Center software was used for baseline processing and network adjustment. Precise ephemerides and a 13 degree elevation mask were used.
Final GPS positions were determined through baseline processing and network adjustment. Because of longer occupations, more receivers, and more CORS stations, point accuracies are higher for the 2009 survey than for the 2002 survey (table 1) Therefore, the height of gravity stations is assumed to be constant during the data-collection period, and no adjustments to the observed gravity values owing to height change have been made. 
Absolute-Gravity Measurements
Absolute gravity data (appendix 3) have been collected at 26 stations ( fig. 1 ) by using Micro-g LaCoste, Inc., free-fall absolute gravimeters. These meters use a length scale determined by a laser interferometer and a time scale determined by a rubidium oscillator. A spring mechanism isolates the interferometer from long-period seismic noise. With the FG5, about 2,400 drops are made during a 24-hour period so that any residual tidal effects are effectively canceled. With the A10, about 1,000 drops are made during a 30 minute period. With both instruments, measurement sets may be removed from final processing by visual inspection if they are not consistent with other sets. Nominal accuracy is ±2 µGal for the FG5 and ±10 µGal for the A10. Earth tide corrections for absolute-gravity measurements are determined using the ETGTAB model with the default wave groups in the Micro-g Lacoste software. Ocean-loading corrections are determined using the FES2004 model, produced by Legos and CLS Space Oceanography Division and distributed by Aviso, with support from Cnes (http://www.aviso.oceanobs.com). Polar motion corrections were determined using coordinates provided by the U.S. Naval Observatory. The barometric pressure correction is calculated using measured barometric pressure and an admittance factor of 0.3 µGal/mBar.
Three absolute gravity stations were established in 2000-2001 by NGS using an FG5 absolute gravimeter and were measured twice annually between 2000 and 2007. The USGS has continued to make measurements at two of these sites by using an A10 portable absolute gravimeter; measurements at the third site (ASA1570) have been made at the outdoor excenter because of access issues with the original site (Note: ASA1570 was destroyed between winter 2010 and fall 2011). The remaining 23 sites were established by the USGS between 2005 and 2009, using both existing and newly built monuments. In some instances geodetic monuments established for survey control were modified to facilitate the A10 gravimeter by building a 0.5 m by 0.5 m by 0.1 m deep concrete pad surrounding the monument. Stations on the East Range of Fort Huachuca (HUBBARD, MW3-MW6, TW9) are located at concrete well pads. Concurrent water-level measurements made at these sites allow estimation of specific yield. At most sites, the meter is set up directly on a concrete surface; at some sites this is not possible and a short tripod is used.
Absolute gravimeters use the local vertical-gravity gradient to calculate a gravity value from observed interferometry data, and to transfer gravity values from the instrument height to the survey mark. Local gradients may differ from the free-air gradient owing to local topographic and density effects. For FG5 measurement sites and some A10 sites, gradients are measured with LaCoste and Romberg gravimeters. Surveys are between 131 cm height and the survey mark and between 91 cm and the mark. The gradient is calculated as the gravity interval divided by the height interval. Repeatable surveys are averaged at each station. Measured gradients are used at A10 measurement sites ASA1570, AAPALO, and DATOMB. At all other A10 sites, a standard -3.0 μGal/cm has been used. If the vertical gradient does not change over time, the use of a standard gradient does not cause a decrease in precision when repeat A10 measurements are compared. Gravity values in appendix 4 are reported at the respective instrument heights, corrected for setup height. All FG5 gravity values (including uncertainties) are reported at 131 cm over survey mark, and all A10 values are reported at 71.7 cm, the most recent instrument height (this height varies within 1 cm during routine maintenance). In appendices 1 and 4, the gravity values are reported at survey mark height.
Uncertainty
The lack of an unchanging observable standard presents a fundamental challenge to assessing the accuracy of gravity instruments. Unlike instruments used to make other field measurements-such as tapes for depth-to-water measurements-gravimeters can't be calibrated against an exact metrological standard because Earth's gravitational field is changing continually in unknown ways. Nonetheless, some metrics can be used to evaluate the uncertainty in gravity measurements.
The calibration procedure for the LaCoste and Romberg relative gravimeters involves placing a series of small test masts on the beam to produce a plot of the calibration curve at different points along the screw (Valliant, 1991) . Once defined, the calibration curve is scaled to gravity units by repeat observations over a 242 mGal gravity range at Cloudcroft, New Mexico. This range is known to be too small by a few parts in 10,000 (Valliant, 1991) , but this affects primarily the instrument's absolute accuracy rather than the repeatability. When using gravity data to assess aquifer-storage change, repeatability is of primary concern. Because the observed-gravity changes over time are small-less than 100 µGal (100 parts per billion)-any small error in accuracy will have an almost negligible effect on interpretation of the data. Furthermore, because the same relative gravimeter (D209) has been used for all of the repeat surveys presented here, any bias in gravimeter accuracy is constant over time. The analog feedback nulling systems on D17 and D43 used for FG5 gradients and excenter ties were calibrated by observing between nearby absolute-gravimeter sites at Table Mountain Geophysical Observatory, Longmont, Colorado.
An additional source of error in spring-based relative gravimeters is circular, or screw, error that arises from small imperfections in machining the micrometer screw that adjusts the spring (Valliant, 1991) . To minimize circular error, all repeat relative gravimeter readings are taken using an identical dial position (with the position indicator pointing to zero), at the dial setting that allows the analog feedback system to be nearest zero.
Uncertainty in relative-gravity measurements (appendix 2), as indicated by the standard deviation, is calculated from two or more measurements of the difference in gravity between stations occupied on successive survey loops. It is calculated as the measurement standard deviation, rather than the standard deviation of the mean. Therefore, it is a statistical measure of uncertainty, rather than a propagation-of-error measure based on the measurement accuracy of each individual measurement at each gravity station. The propagation-of-error method is not easily done with the analog feedback system because the output on the LCD display is fairly heavily damped, masking the high-frequency signal that is available on some other gravimeter feedback systems and is used as an indication of the uncertainty of an individual measurement. The standard deviation for a particular gravity difference presented is based on only two or three difference measurements, which cannot be considered independent because they are close together in time and use overlapping station occupations to determine a linear drift rate; it should therefore be considered an inexact estimator of uncertainty. Nonetheless, this standard deviation is useful for evaluating the relative uncertainty between different surveys.
Uncertainty in absolute-gravimeter measurements (appendix 3) arises from both instrumental and environmental sources. For the FG5, uncertainty has been determined by using both an error budget approach (Niebauer and others, 1995) and by comparing absolute-gravity measurements to the signal from a superconducting gravimeter (Van Camp and others, 2005) , and generally is 1 to 2 µGal. Summed in quadrature, instrumental sources of uncertainty for the FG5 in total are about 1.1 µGal (Niebauer and others, 1995) . Instrument uncertainty for the A10 is less well known. The published accuracy from the manufacturer is 10 µGal; five years of repeat observations at the USGS building in Tucson, Arizona, however, including a comparison of A10 measurements with superconducting gravimeter data over a period of 1 year, suggests that the instrument uncertainty at a quiet site is better than 5 µGal. Repeatability from observations at the 2003 International Comparison of Absolute Gravimeters for A10-008 was 2.9±1.5 µGal (Schmerge and Francis, 2006) . Therefore, the uncertainty reported here assumes a 5 µGal instrumental uncertainty for the A10. Even at this smaller level, A10 instrument uncertainty is by far the largest source of uncertainty and is the dominant factor in overall measurement uncertainty.
For both the FG5 and A10, an additional 0.05 µGal uncertainty is associated with the laser wavelength (which determines the falling mass position), and a 0.5 µGal uncertainty is associated with the rubidium oscillator frequency (which determines the time of free-fall). Environmental uncertainties associated with modeling Earth tides and ocean loading are about 0.1 percent and 10 percent, respectively, and uncertainties associated with barometric pressure (both measurement error and admittance-factor error) and polar motion are about 1 µGal and 0.05 µGal, respectively. System setup uncertainty is estimated at 1.0 µGal for the FG5 and 3.0 µGal for the A10.
The final uncertainty source considered in absolute-gravity measurements is set scatter, which is determined from the drop-to-drop scatter of the several hundred individual drops that compose a single measurement. It is the only uncertainty component that varies between measurements, and as such, offers the best metric from which to evaluate the uncertainty of any particular measurement relative to other measurements. Drop-to-drop scatter is 40 to 200 µGal for the A10 and 20 to 80 µGal for the FG5, and primarily is affected by seismic noise. Measurement precision is determined from set scatter as (set scatter)*(number of sets) -1/2 . The reported uncertainty is the quadrature sum of instrumental uncertainty, environmental uncertainty, setup uncertainty, and measurement precision.
